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DISCUSSIONS AND REPLIES 
Discussion by Mohamad Hussein 
Partner, Goble Rausche Likins and Associates, Inc. 
Orlando, Florida, USA 
on 
Negative Skin Friction in Piles and Design Decisions 
Paper No. SOA 1 
The author should be commended for his thorough treatment of 
the subject of negative skin friction in piles and for his 
comprehensive discussion of the various aspects of the subject 
starting from fundamental concepts to design decisions. He 
correctly emphasizes the need for a proper evaluation of pile 
drivability; a process that is performed with the aid of wave 
equation computer programs for an assessment of the suitability 
of proposed driving equipment to economically install the pile to 
desired penetration and capacity without overstressing the pile. 
The author also mentioned the use of bitumen coating as a 
common means for reducing downdrag loads on piles. 
This writer would like to offer some points for consideration when 
evaluating drivability of bitumen coated piles. The introduction 
of a layer of coating material between the pile surface and the 
surrounding soil greatly alters pile drivability compared to that of 
an uncoated pile. The coating material adds to the unit weight of 
the pile without increasing its stiffness. Thus, the coating may be 
considered in the wave equation model by a simple increase of 
pile specific weight. A more complex issue is the incorporation of 
the coating into the pile-soil interface model. Conventionally, in 
a wave equation model, pile-soil interaction along pile shaft is 
thought of (a) as a slip of pile relative to the stationary soil and 
(b) as a resistance to pile penetration that consists of two 
components: an elasto-plastic deformation dependent static 
component, and a linearly viscous velocity dependent dynamic 
component. Empirical parameters defining soil model (i.e., quake 
and damping) have been greatly refined by electronic field 
dynamic measurements using the Pile Driving Analyzer during pile 
installation and subsequent data analysis using the CAPW AP 
method. The coating material with its particular elastic, plastic 
and viscous properties alters the mode of interaction between pile 
and soil and, therefore, conventional representation of resistance 
and failure do not apply. On several projects involving the writer, 
it has been observed that "unrealistically" high soil damping and 
quake values had to be used to match field measured data with 
calculated results. 
Another aspect that coating a pile affects its drivability is in the 
development of pile driving stresses, particularly tension stresses, 
which could be critical in the case of concrete piles. Incident 
compressive stress waves caused by hammer impacts at the pile 
head travel down the pile shaft and reflect as tension waves at the 
pile toe when no appreciable soil resistance is encountered. Soil 
resistance forces acting along the pile shaft and under its toe 
reduce the magnitude of tension waves in piles. The coating along 
the shaft of a pile has the effect of delaying the action of soil 
resistance on the pile. Therefore, tension stresses build up 
significantly in the pile before soil compressive resistance builds 
up even when blow counts are very high, or even refusal. 
The highly non-linear behavior caused by strain hardening of the 
coating material is another cause for differences between the 
linearly assumed model of reactive soil forces and actual field 
conditions. Conventional wave equation programs are 
unfortunately generally not adequate to assess the drivability of 
bitumen coated piles due to the complex and largely variable 
behavior of the pile-coating-soil interaction along pile shaft during 
pile driving. Finally, it should be mentioned that difficulties also 
exist in analyzing pile-soil interaction and failure modes of coated 
piles under static loading conditions. 
1811 
Discussion by Fred H. Held III 
University of Missouri at ·Rolla, Graduate 
Student in Geotechnical Engineering 
on 
Leaning Tower of Pisa - Updated Information 
Paper No. SOA 3 
Many foundation solutions have been 
suggested for this famous building in Italy. 
certain limitations are placed on the 
remediation due to tourism and related 
aesthetic and economic considerations. The 
range of plans include the null option and 
various soil improvement strategies. The 
goals are to prevent failure, preserve the 
lean, and make the project economically 
feasible. 
The Leaning Tower of Pisa is one of the 
most famous building in all of the world. It 
is located in the Piazza dei Miracoli in Pisa, 
Italy. The tower began to tilt during the 
construction and has progressed to an unsafe 
angle of about 5.5° (approx. 10%) today. This 
tilt is not only progressive, but it is 
accelerating. 
More precise data has been recovered over 
the years that has rendered refined theories 
of the cause and possible solutions to arrest 
the tilt. In most recent times, as pointed 
out by Jamiolkowski, Lancellotta, and Pepe, 
the structural integrity has come to the 
forefront along with the overturning 
possibility. 
In 1989 the tower was closed to visitors 
by the Italian Committee chaired by professors 
R. Jappelli and P. Pozzati. This action 
prompted the Italian Government to appoint a 
special 15-member commission, in october 1990, 
to take every necessary action to safeguard 
the tower. 
REMEDIATION ALTERNATIVES 
There are certain constraints that apply 
to the problem due to the famous nature of 
the tower. This is a world renown tourist 
attraction that is part of a collection of 
historical buildings in Pisa, Italy. 
Therefore, one of the limitations of the 
remediation is that no external or visible 
support structure be allowed. such a 
scaffold support would greatly detract from 
the beautiful architecture of the tower and 
surrounding buildings. 
A typical method for stabilizing a 
building is underpinning. This involves 
excavating next to a foundation and placing 
some type of footing or pier. When the 
concrete is cured the gap between the new 
foundation and the old is filled with 
concrete, mortar or some structural element. 
This method is not satisfactory for this 
application due to the great disturbance and 
low current factor of safety against 
overturning. 
A more resonable method for this 
foundation is called ''pale radici" or root 
piles. This method was developed in Italy 
for old and delicate structures. Typically 
small diameter piles (4 11 ) about forty feet 
long are drilled through the foundation at 
70° angles from each side of a wall. A steel 
reiforcing rod is inserted in the hole and 
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concrete is injected into the hole under 
pressure to expand the root pile. A nominal 
load of ten tons is the capacity of one pile; 
therfore, many root piles would need to be 
drilled. This would also cause too much 
disturbance of the soil to be used in this 
case. 
The presently appointed committee's plan 
for the preservation of the tower includes 
the following: 
1.) Reinforce the critical section on 
the south side with post-tensioned cables to 
prevent buckling of the external marble 
stones. This measure is already in place at 
the level of the first cornice. 
2.) Place temporary 6 MN lead 
counterweights on the north side to prevent 
overturning. Tower movements and pore water 
pressures must be monitored to ensure against 
a bearing capacity failure. This is a full 
scale test that will include closing water 
wells within a one kilometer radius to 
minimize piezometric fluctuations. 
3.) The goal is not to straighten the 
tower, but to arrest the tilt and back it up 
by no more than one degree. Three methods 
under consideration include underexcavating 
the north foundation; attaching ten 1 MN 
ground anchors to a prestressed concrete ring 
around the tower base; and electrosmotic 
consolidation treatment. 
Any combination of these techniques may 
be employed in part or in full to achieve the 
stabilization goal safely and without 
detracting from the beauty. For instance 
during electrosmotic treatment or 
underexcavating, the anchors or lead 
counterweights may be used in tandem to 
maintain contact between the' foundation and 
the soil. The most effective method or 
methods must be developed and implemented 
without delay to preserve this historic 
building. 
REMEDIATION FEASIBILITY 
The first measure, to reinforce the weak 
link of the support, is the crucial first 
step to assure success of any remediation 
scheme. Since any remediation effort will 
involve movement or stresses on the tower the 
most stressed location, the first order 
columns on the south side, must be 
strengthened before any other action can take 
place. 
The second step, to position lead 
weights as a counter balance, initially seems 
to be a viable alternative from a practical 
standpoint; however, when examined carefully 
the application of the procedure may prove to 
be difficult. Though an uneven distribution 
of stress exists on the soil directly beneath 
the tower due to eccentric loading, the soil 
is near equilibrium. Applying additional 
loads will generate pore water pressures in 
complex A and the pancone clay, thus 
weakening the soil until the excess pressures 
dissipate. The pore water pressures will 
have to be monitored in these upper soil 
layers to know when the pressures are 
dissipated or are becoming excessive. 
There is also a problem with the 
horizontal component of the weights. This 
will cause a sliding force due to the tilt 
which will also generate pore water pressures 
that weaken the soil. Stresses will also be 
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created in the tower structure from the load 
application. Finally, the ae~t~etic aspe~t 
is also negative due to the v~s~ble locat~on 
of the weights. 
The underexcavation alternative may be 
too drastic for a delicate structure like the 
Pisa tower. This procedure has been 
performed on buildings in Mexico City in 
extreme cases of differential settlement. 
some buildings have settled more than ten 
feet within this area. Good results have 
been achieved in many of these cases; 
however, many of these underexcavation 
remediations were performed on rectangular 
and fairly stable buildings. 
With a fragile structure where precise 
control of the foundation adjustment is 
necessary it may be difficult to evenly 
adjust the circular foundation to one degree 
accuracy. The possibility of rotation is an 
added concern due to the curved axis of the 
tower. Moments around the axis may be 
induced which could lead to a foundation 
failure. Again, the pore water pressures 
will have to be monitored. 
The soil anchor alternative seems to be 
a better option than the lead weights because 
they resist sliding and rotational forces or 
detract from the architectural beauty. 
Because the anchors apply their resistance 
vertically from a fixed location there is not 
a sliding force component as with the lead 
weights. The force application is on the 
same prestressed concrete ring without 
resting against the tower. Therfore, no 
horizontal structural stress is applied to 
the north wall and the anchors cannot be 
seen. 
The writers report the design will 
utilize ten-1 MN anchors to be attached to 
the concrete ring. Helical anchors drilled 
into complex c, the lower dense sand, could 
develop over 1 MN of resistance. Using the 
basic uplift capacity equation: 
Where, 
Pu = Nquy 1DA 
Nqu = Meyerhoffs bearing capci ty fac 
y'= Effective unit weight 
D = Depth of helix plate 
A = Area of helix plate 
Using Nqu=50, y 1 =10 Knjm3 , D=45m, and FOS=2 
then solving for Area, the helix diameter 
could be 0.32 meters or 14 inches. 
These anchors could be drilled into the 
ground with very little disturbance and 
attached to the pre-stressed ring. They 
should be designed for post tensioning in 
order to test and seat the anchor. 
Furthermore, a device to measure the tension 
should also be incorporated to adjust the 
anchor tensions. As with the previous 
methods the pore water pressures should be 
monitored. This can be accomplished using 
piezometers at various depths and locations. 
Electro-osmosis offers a truly invisible 
solution to the stability problem. This 
methods uses electricity passed through a 
soil mass to reduce the pore pressure and 
raise the effective stress. Anodes and 
cathodes can be placed in the ground (Fig. 
18) at the center and nor~ ~ide of the . . 
tower. Analysis by Calabres~ and Tamagn~n~ 
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(1989) from the University of Rome predict a 
significant volume reduction from this 
process due to the compressibility and low 
overconsolidation ratio of the pancone clay. 
Figure 19 shows the predicted tilt as a 
function of pore pressure reduction and 
Figure 20 shows the treatment time needed. 
This method is can provide unique 
features that the previous plans cannot. The 
isotropic consolidation moves the stress 
state away from the failure envelope as 
differential settlements are induced under 
the north side. The amount of consolidation 
can be controlled by the electrode spacing, 
voltage, and duration. This method has very 
little ground disturbance associated with it. 
Only the wires with wick drains are placed in 
the ground. 
CONCLUSION 
The current remediation efforts and 
methods were discussed in this paper. The 
goal of this remediation is to stabilize the 
Leaning Tower of Pisa without detracting from 
the aesthetic value. With the accelerating 
tilt a factor, action must be taken very soon 
to preserve this historic monument. People 
would not want to see the "The Fallen Tower 
of Pisa"; therefore great care should be 
taken in designing and implementing a 
remediation procedure. The cost must also be 
taken into consideration but it is not first 
and foremost for this world renown tower. 
Considering the critical condition of the 
tower, any remediation scheme should minimize 
the disturbance. This suggests that the 
anchor and electro-osmosis techniques 
discussed may have the highest possibility of 
success. A full scale test of the electro-
osmosis theory in the pancone clay may prove 
beneficial in asserting the technique. 
Discussion by C. Mirza 
Canada 
on 
"Leaning Tower of Pisa - Updated Information" 
Paper No. SOA 3 
Will or has consideration been given to the following alternatives 
to the solution of underexcavating: 
1. Auger below north half of ring foundation and inject a 
compressible inclusion (instead of leaving a hole) e.g. styrofoam. 
2. As in 1. above, but inject a "hard" inclusion, so that stress 
concentration forces the hard object into the soil, thus providing a 
"natural" time controlled "sinkage." 
A to- sand 1 
I clay 
Alternate 1 -Compressible object, i.e. styrofoam, urethane, etc. 
Alternate 2 - Hard object, i.e. sphere of hardened concrete or 
epoxy 
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"Negative Skin Friction in Piles and Design Decisions" 
Paper No. SOA 1 
Mr. Hussein's comments are a welcome and proper addition to the 
paper. Time dependent properties of coating materials are a 
problem in utilization of dynamic methods of analysis; this is true 
for both the wave equation analysis wherein all input is assumed, 
and for dynamic measurements wherein at least some variables are 
measured. 
Recent events in ever-changing environmental regulations have, at 
least temporarily, ruled out the use of bitumen in the USA. This 
may not be true for other parts of the world. Research and 
development are on-going with respect to pile coating materials. 
As other materials are used for friction-reducing coatings, their 
time dependent properties will become important, just as they are 
for bitumen. The thrust of Mr. Hussein's discussion will also 
apply to such new materials. 
Readers should note that while dynamic methods of analysis 
become difficult to unusable in the presence of pile coatings, the 
methods of analysis utilizing static load tests as given in the paper 
are unaffected. 
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